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ABSTRACT: Tandem alkylation/arylation of primary phosphines PH2R (R = Ph, Cy, Fc, FcCH2; Fc = ferrocenyl) with 5-bromo-6-
chloromethylacenaphthene (1) and 2 equiv of NaOSiMe3 using the catalyst precursor Cu(IPr)(Cl) gave a series of 1-phosphapyracenes (R-
PyraPhos, 2a-d), which were isolated as borane adducts 3a-d.  Similar reactions of the chiral air-stable primary phosphines PH2Ar* (Ar* = 
(S)-Binaphthyl (4), (R)-MeO-Binaphthyl (5)) to yield 2e-f and 3e-f were diastereoselective (dr = 2:1 and 1.2:1, respectively), and chroma-
tography gave a highly enriched sample of one diastereomer of 3f.  The mechanism of catalysis was investigated by NMR monitoring and 
independent syntheses of potential intermediates.  Treatment of Cu(IPr)(Cl) with NaOSiMe3 and PH2Ph generated an equilibrium mixture 
containing Cu(IPr)(OSiMe3) and the primary phosphido complex Cu(IPr)(PHPh) (12a), which reacted with benzyl chloride 1 to yield the 
secondary phosphine PHPh(CH2Ar) (6a, Ar = 5-Br-6-CH2-acenaphthyl) and Cu(IPr)(Cl).  Reaction of this mixture with NaOSiMe3 gave 
Ph-PyraPhos 2a.  Similar reactions with 5 generated Cu(IPr)(PHAr*) (12f, Ar* = (R)-MeO-Binaphthyl), PHAr*(CH2Ar) (6f), and Ar*-
PyraPhos 2f. Only one set of NMR signals was observed for 12f, even at low temperature, but 6f was formed in 7:1 dr, suggesting that Cu-
phosphido inversion in 12f was fast on the NMR time scale. Deprotonation of the cations [Cu(IPr)(PHAr’(CH2Ar))][OTf] (Ar’ = Ph (8a) 
or (R)-MeO-Binaphthyl (8f)) and [Au(IPr)(PHPh(CH2Ar))][OTf] (10) was investigated as a potential route to secondary phosphido 
complexes.  Treatment of 8a with NaN(SiMe3)2 or CsOH•H2O yielded [Cu(IPr)(Ph-PyraPhos)][OTf] (9) via an observable intermediate, 
perhaps the secondary phosphido complex Cu(IPr)(PPh(CH2Ar)) (13a), but reaction of 8f with NaN(SiMe3)2 gave mostly secondary phos-
phine 6f and a little Ar*-PyraPhos 2f, along with a minor intermediate.  Reaction of gold cation 10 with NaOSiMe3 did not give 2a or 
[Au(IPr)(Ph-PyraPhos)][OTf] (11), consistent with the lack of catalytic turnover using Au(IPr)(Cl).  We propose a mechanism for Cu-
catalyzed tandem alkylation/arylation involving Cu(I) and Cu(III)-phosphido intermediates. 
INTRODUCTION 
Metal-catalyzed formation of phosphorus-carbon bonds is fre-
quently used to prepare organophosphorus compounds.1  Many of 
these reactions use precious metals like palladium and rhodium, 
but catalysis by base metals would be cheaper and more sustaina-
ble.2  For example, several methods for copper-catalyzed P–C bond 
formation by coupling of secondary phosphines with electrophiles 
have been reported.3  However, little is known about the key pro-
posed intermediates, monomeric terminal copper phosphido com-
plexes.4 Chart 1 shows the only directly observed catalytically rele-
vant terminal Cu-phosphido intermediates, A-B,3l,5 and the only 
isolated complexes, C-D.6,7,8 P-stereogenic derivatives LnCu(PRR¢), 
potential intermediates in catalytic asymmetric synthesis of chiral 
phosphines, have not yet been reported. 
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Chart 1.  Terminal Copper-Phosphido Complexes 
 
 
We recently described tandem alkylation/arylation of phe-
nylphosphine with 5-bromo-6-chloromethyl-acenaphthene (1), 
the base NaOSiMe3, and the catalyst precursor CuCl to yield a P-
stereogenic 1-phosphapyracene (Ph-PyraPhos 2a, Scheme 1).9   
This type of reaction might be useful if the P-configuration of the 
chiral product could be controlled by the catalyst, because phos-
pholanes are privileged ligands in asymmetric catalysis.10  We re-
port here increased scope for this reaction with a variety of primary 
phosphine substrates, including chiral ones, which led to isolation 
of a highly diastereomerically enriched P-stereogenic PyraPhos 
derivative.  Using a copper catalyst precursor bearing an N-
heterocyclic carbene (NHC) ligand, as in B-D, enabled identifica-
tion of potential intermediates in the catalytic cycle by NMR moni-
toring and independent synthesis.  These observations provided 
information on the properties of the rare terminal copper-
phosphido group, including the first P-stereogenic chiral example, 
and its role in catalysis. 
 
Scheme 1.  Copper-Catalyzed Synthesis of 1-Phosphapyracene 2a 
 
 
 
RESULTS AND DISCUSSION 
Copper-Catalyzed Alkylation/Arylation of Primary Phos-
phines.  Synthesis and Structure of Phosphapyracene-Boranes 
3a-f Several Cu(I) catalyst precursors, including CuCl and 
[Cu(NCMe)4][PF6], were screened for the title reaction in THF 
with 2 equiv of the base NaOSiMe3.  Commercially available 
Cu(IPr)(Cl) was active for synthesis of 1-phosphapyracenes 2a-f 
from a variety of primary phosphines, including alkyl- and aryl-
substituted derivatives, as well as the unusual air-stable chiral pri-
mary phosphines 4 and 5 (Scheme 2).11  The intermediate second-
ary phosphines 6, observed in the reaction mixtures and identified 
by independent synthesis of 6a and 6f, were converted to phos-
phapyracenes.9  After the catalytic reactions were complete, the 
reaction mixtures were treated with BH3-THF, and the resulting 
air-stable PyraPhos-boranes 3a-f were isolated and purified by 
column chromatography and recrystallization.  The reactions with 
4 and 5 were diastereoselective (2:1 and 1.2:1 diastereomer ratios, 
respectively), and further separation by chromatography gave a 
highly enriched sample of one diastereomer of the (R)-MeO-
binaphthyl derivative 3f (~99:1 dr).  In contrast, when 
Au(IPr)(Cl) was used as a catalyst precursor with PH2Ph, the sec-
ondary phosphine 6a was observed, but, instead of catalytic turno-
ver to yield phosphapyracene 2a, a mixture of products formed. 
 
Scheme 2. Copper-Catalyzed Synthesis of PyraPhos-BH3 Deriva-
tives 3a-f (Fc = ferrocenyl) 
 
 
 
The new PyraPhos-boranes 3b-f were characterized spectroscopi-
cally, by elemental analyses, and by X-ray crystallography (Figures 
1-5; more details are included in the Supporting Information). 
Changing the P-substituent had little effect on the structures (Ta-
ble 1). The PyraPhos rings were almost planar, with small devia-
tions of the peri-substituents (P and C) from the planes of the 
acenaphthene rings. The geometry at phosphorus was distorted 
tetrahedral, constrained by the PyraPhos ring, in which the C-P-C 
bond angles ranged from 92.9(3)° (R = Fc) to 95.3° (R = (S)-
Binaphthyl).  All other bond angles at phosphorus were larger, up 
to 120.61(14)° (C(Ar)-P-B for R = Cy). 
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Figure 1. ORTEP diagram of Cy-PyraPhos(BH3) (3b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. ORTEP diagram of Fc-PyraPhos(BH3) (3c) 
 
Figure 3. ORTEP diagram of FcCH2-PyraPhos(BH3) (3d) 
 
Figure 4. ORTEP diagram of (S)-Binaphthyl-(RP)-PyraPhos(BH3) 
(3e) 
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Figure 5. ORTEP diagram of (R)-MeO-Binaphthyl-
PyraPhos(BH3) (3f). Two of the four independent molecules (A 
and D) in the unit cell are shown. The crystal contained four 
independent molecules, a mixture of two diastereomers having the 
same binaphthyl axial chirality but differing in the P-configuration. 
Two of them (A and B) were SP, and the other two (C and D) were 
RP.  The latter two molecules, especially C, were disordered. 
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Table 1. Selected bond lengths (Å) and angles (deg) for the PyraPhos-boranes 3a-f 
 
R Pha 
(3a) 
Cy 
(3b) 
Fc 
(3c) 
CH2Fc 
(3d) 
H-Binap 
(3e) 
MeO- 
Binapb (3f) 
P-CH2 1.851(8) 1.869(3) 1.914(6) 1.8542(16) 1.874(5) 1.889(8) 
P-C(Ar) 1.815(7) 1.811(3) 1.799(6) 1.8066(17) 1.786(4) 1.786(7) 
P-C(R) 1.845(3) 1.835(3) 1.791(6) 1.8325(16) 1.839(4) 1.814(7) 
P-B 1.90(4) 1.920(3) 1.905(6) 1.9157(19) 1.907(4) 1.908(8) 
CH2-P-B 115.7(14) 112.95(14) 115.2(3) 114.66(8) 109.8(3) 111.0(3) 
C(Ar)-P-CH2 94.9(3) 94.34(13) 92.9(3) 94.85(7) 95.3(2) 94.7(4) 
C(Ar)-P-C(R) 105.3(2) 106.80(12) 106.4(3) 109.04(8) 108.11(17) 113.8(3) 
C(Ar)-P-B 115.9(14) 120.61(14) 120.2(3) 113.43(8) 117.87(19) 114.5(4) 
C(R)-P-CH2 110.2(3) 107.62(13) 103.4(3) 105.38(7) 110.35(19) 107.3(3) 
C(R)-P-B 113.0(12) 112.60(14) 115.4(3) 117.03(8) 113.9(2) 113.5(4) 
 
a Average values for the two enantiomeric forms in the disordered crystal, data from Wang, G.; Guino-o, M. A.; Glueck, D. S.; Golen, J. A.; Daley, C. 
J. A.; Rheingold, A. L. Dalton Trans. 2015, 44, 9943–9954. b Average values for three of the four independent molecules (data for the disordered 
fourth molecule was omitted). 
 
Mechanism of Copper-Catalyzed Phosphapyracene Synthe-
sis The mechanism of catalysis was investigated by stoichiometric 
reactions and by independent synthesis or generation of pro-
posed intermediates.  Cationic complexes 7-9 containing prima-
ry, secondary, or tertiary arylphosphines were prepared by reac-
tion of Cu(IPr)(OTf)12 with PH2Ph, the secondary phosphines 
6a or 6f, or Ph-Pyraphos 2a.13  For comparison, gold complexes 
10-11 were synthesized from Au(IPr)(OTf) and 6a or 2a 
(Scheme 3).14  31P NMR data for these cations showed the ex-
pected coordination chemical shift and increase in JPH upon 
phosphine binding, with surprisingly large chemical shift differ-
ences between analogous copper and gold complexes (Table 2).15 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3. Synthesis of Cationic M(IPr) Primary, Secondary, 
and Tertiary Phosphine Complexes (M = Cu or Au; [M] = 
M(IPr)) 
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Table 2.  31P NMR Data for Phosphines and Related IPr-Copper 
and -Gold Phosphine and Phosphido Complexes (Ar = 1-Br-5-
CH2acenaphthyl, Ar* = (R)-MeO-Binaphthyl)a  
 
compound d (31P) JPH 
(Hz) 
PH2Ph –125.2 198 
[Cu(IPr)(PH2Ph)][OTf] (7) –103.5 314 
Cu(IPr)(PHPh) (12a) -124 (br) 188 
PHPh(CH2Ar) (6a) –37.8 216 
[Cu(IPr)(PHPh(CH2Ar))][OTf] (8a) –32.4 323 
[Au(IPr)(PHPh(CH2Ar))][OTf] (10) 2.9 392 
Cu(IPr)(PPh(CH2Ar)) (13a) –59  
Ph-Pyraphos (2a) –6.4  
[Cu(IPr)(Ph-Pyraphos)][OTf] (9) –0.9  
[Au(IPr)(Ph-Pyraphos)][OTf] (11) 36.7  
PH2Ar* (5) –129.5 200, 4 
Cu(IPr)(PHAr*) (12f) –124.7 209, 6 
PHAr*(CH2Ar) (6f) –39.3 
–42.4  
211, 14 
208, 5 
[Cu(IPr)(PHAr*(CH2Ar))][OTf] (8f) –35.5 
–38.6 
289 
325 
Intermediates from NaN(SiMe3)2 + 
[Cu(IPr)(PHAr*(CH2Ar))][OTf] (8f) 
–9.1 
–15.6 
 
 
a In THF or THF-d8, chemical shift reference 85% H3PO4  
 
Treatment of the catalyst precursor Cu(IPr)(Cl) with NaOSiMe3 
in THF gave the known Cu(IPr)(OSiMe3) (Scheme 4).16  Upon 
addition of PH2Ph or the chiral primary phosphine 5, the reaction 
mixtures turned yellow. 31P{1H} and 1H NMR monitoring 
showed that the primary phosphido complexes Cu(IPr)(PHAr) 
(Ar = Ph (12a); Ar = (R)-MeO-binaphthyl (12f) were formed, in 
apparent equilibrium mixtures with the starting materials and 
Me3SiOH (Scheme 4 and Table 2; Keq was about 1 in both cases).  
As expected, treatment of cation 7 with NaOSiMe3 gave a similar 
mixture.  
Although two diastereomers of 12f are possible, only one 31P{1H} 
NMR signal and one set of 1H NMR peaks were observed at 
room temperature.  When the sample was cooled to –85 °C in the 
NMR probe, the chemical shifts of selected 1H NMR signals of 
12f changed significantly, but there was no evidence in either 1H 
or 31P NMR spectra for two isomers.  These observations are 
consistent either with the selective formation of one diastere-
omer, or with pyramidal inversion which remains fast on the 
NMR time scale even at low temperature, as observed previously 
for metal phosphido complexes.17,15b 
Addition of benzyl chloride 1 to the Cu(IPr)(OSiMe3)/PH2Ph 
mixture gave secondary phosphine 6a and Cu(IPr)(Cl), plus a 
little Ph-PyraPhos 2a (Scheme 4).  When this solution was treat-
ed with a second equivalent of NaOSiMe3, 6a was slowly convert-
ed to 2a over two days.  In a similar experiment with 12f and 1, 
the secondary phosphine 6f was immediately formed as a 7:1 
mixture of diastereomers, along with Cu(IPr)(Cl) (Scheme 4).  
This ratio changed to 1:1.4 over several days, presumably via 
proton-transfer processes common in epimerization of phos-
phines containing P-H bonds.18 If 12f had been present as a single 
diastereomer, its reaction with 1 should have given a single dia-
stereomer of 6f.  Although it is possible that rapid epimerization 
could have given the observed 7:1 ratio, that is not consistent 
with the continued slow epimerization.  Therefore, it is likely that 
pyramidal inversion in copper-phosphido complex 12f is rapid on 
the NMR time scale, consistent with observations for other metal 
complexes.   
 
Scheme 4.  Stoichiometric Reactions of Cu(IPr)(Cl) with Na-
OSiMe3, PH2Ar, and Benzyl Chloride 1 ([Cu] = Cu(IPr); Ar = 
Ph (a) or (R)-MeO-Binaphthyl (f)) 
 
 
The potential intermediate secondary phosphido complexes 
Cu(IPr)(PAr'(CH2Ar)) (Ar¢ = Ph or (R)-MeO-Binaphthyl, 
13a/f) were not observed in these experiments.  Attempts to 
generate 13a/f independently via deprotonation of the coordi-
nated secondary phosphines in cations 8a/f led to different out-
comes, depending on the base and the phosphine (Scheme 5, 
Table 2).  With 8a, excess NaOSiMe3 (4 equiv) gave the second-
ary phosphine 6a immediately, plus some Ph-PyraPhos 2a, fol-
lowed by complete conversion to Ph-PyraPhos.  The initial re-
sults were similar with 8f and NaOSiMe3, but conversion of 6f to 
Ar*-PyraPhos 2f was much slower.  
In contrast, addition of NaN(SiMe3)2 (1.3 equiv) to 8a gave rise 
to a mixture containing 8a, cationic Ph-PyraPhos complex 9a, 
and several unidentified intermediates.  One of these (31P NMR d 
–59, with no P-H coupling), which disappeared as more 9a 
formed over 1 h,19 was also formed in a cleaner reaction of 8a with 
CsOH•H2O (ca. 3 equiv), which led to 9a over 22 h.  On the 
basis of its generation from 8a with two different bases and its 
decomposition to yield 9a, we propose this intermediate is phos-
phido complex 13a (Scheme 5). 
Instead, treatment of 8f with NaN(SiMe3)2 at –78 °C gave a mix-
ture containing mostly the secondary phosphine 6f (1.3:1 mix-
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ture of diastereomers) and small amounts of Ar*-PyraPhos 2f 
(1:1) and two unidentified intermediates (1:1, Scheme 5, Table 
2). On warming to room temperature, the intermediates disap-
peared and more PyraPhos 2f was formed.  The 31P NMR chemi-
cal shifts of the intermediates (d –9.1 and –15.6, Table 2) were 
quite different from that assigned to 13a (d –59) in the analogous 
reaction of P-Ph cation 8a with NaN(SiMe3)2, suggesting that 
this material was not the target phosphido complex 13f. 20 We 
presume that steric effects control the differences in reactivity of 
P-Ph and P-Ar* cations 8a and 8f. 
 
Scheme 5. Reactions of Cationic Secondary Phosphine Com-
plexes 8a and 8f With Bases (Ar’ = Ph (a) or Ar* = (R)-MeO-
Binaphthyl (f)) 
 
 
 
These observations are consistent with equilibria favoring 
Cu(IPr)(OSiMe3) and secondary phosphines 6a/f over second-
ary phosphido complexes 13a/f and Me3SiOH, while 13a was 
observable with a different base.  The formation in these experi-
ments of Ph-PyraPhos 2a or its cationic copper complex 9a, 
which may undergo exchange, also seems to depend on the base 
and conditions; treatment of 9a with [NOct4][Br] gave 2a and 
Cu(IPr)(Br).21  Replacing bromide with Ph-PyraPhos was also 
possible, as treatment of a mixture of Cu(IPr)(Br) and the phos-
phine with NH4PF6 gave 9-PF6. 
Consistent with the lack of activity of Au(IPr)(Cl) in catalysis, 
treatment of the gold secondary phosphine cation 10 with Na-
OSiMe3 gave secondary phosphine 6a, along with two other uni-
dentified products which lacked P–H bonds, but neither Ph-
PyraPhos 2a nor its cationic gold complex 11 were formed 
(Scheme 6). 
Scheme 6.  Reaction of Gold Cation 11 With NaOSiMe3 Gave 
Secondary Phosphine 6a, Not Ph-PyraPhos 2a or Its Gold Com-
plex 11 
 
 
On the basis of these observations, we propose the mechanism 
shown in Scheme 7 for the copper-catalyzed tandem alkyla-
tion/arylation.   Treatment of the catalyst precursor Cu(IPr)(Cl) 
with NaOSiMe3 yields the silanolate complex Cu(IPr)(OSiMe3), 
which reacts with a primary phosphine to give an equilibrium 
mixture containing primary phosphido complex 12.  Nucleophilic 
attack of 12 on benzyl chloride 1 forms secondary phosphine 6 
and Cu(IPr)(Cl); reaction of this mixture with NaOSiMe3 gener-
ates phosphido intermediate 13, present in an unfavorable equi-
librium with Cu(IPr)(OSiMe3), 6, and Me3SiOH. Oxidative 
addition of the C–Br bond in the pendant aryl group forms the 
Cu(III) intermediate 14, whose reductive elimination yields 
Cu(IPr)(Br) and PyraPhos 2.9 Finally, bromide/NaOSiMe3 me-
tathesis regenerates the copper-silanolate intermediate, which can 
react with a primary or secondary phosphine to continue the 
cycle.22  
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Scheme 7. Proposed Mechanism of Copper-Catalyzed Formation of PyraPhos Derivatives from Primary Phosphines ([Cu] = Cu(IPr), Ar = 
1-Br-5-CH2-acenaphthyl) 
 
 
Proposed Origin of Asymmetric Induction in Catalysis with 
Chiral Primary Phosphines 4-5 The proposed mechanism is 
also consistent with formation of diastereomerically enriched 
PyraPhos derivatives 3e-f from chiral substrates 4-5.  The chiral 
copper-phosphido complexes analogous to 12, 13, and 14 
(Scheme 7) would all be expected to exist as mixtures of two 
diastereomers, differing in P configuration, while the binaphthyl 
configuration is fixed.  Interconversion between these diastere-
omers should be fast because of the rapid P-inversion in metal 
phosphido complexes, consistent with the observations on 12f.17 
As in related systems, if this step is faster than P-C bond for-
mation, the product ratio is controlled by Curtin-Hammett kinet-
ics, depending on the equilibrium and rate constants shown in 
Scheme 8 for intermediate 14f, as an example.23   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 8.  Asymmetric Induction via Pyramidal Inversion and 
Cyclization in Diastereomeric Copper-Phosphido Complexes 
(Ar* = (S)-Binaphthyl or (R)-MeO-Binaphthyl) 
 
 
 
CONCLUSIONS 
We have shown that a well-defined Cu(I)-NHC catalyst precur-
sor mediates the tandem alkylation/arylation of primary phos-
phines to yield the PyraPhos ring, and obtained mechanistic in-
formation on the role of copper-phosphido complexes, including 
the first P-stereogenic one, in this transformation.  Our observa-
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tions suggest that the [Cu(IPr)]+ fragment is hard, favoring bond-
ing of hard anionic donors (silanolate, halide) over soft neutral 
phosphines.  This should limit potential product inhibition, but 
may slow the rate of catalysis by limiting the concentration of key 
copper-phosphido complexes in unfavorable equilibria.  The use 
of earth-abundant copper instead of the precious metal platinum 
previously used for such catalytic processes is promising for fu-
ture applications.24 In particular, the diastereoselective synthesis 
of binaphthyl-PyraPhos derivatives 2e-f and NMR evidence for 
rapid pyramidal inversion in copper phosphido complex 12f sug-
gests that using a chiral NHC ligand on copper to develop asym-
metric catalysis for the synthesis of enantiomerically enriched 
PyraPhos derivatives may be possible. 
EXPERIMENTAL SECTION 
General Experimental Details Unless otherwise noted, all reac-
tions and manipulations were performed in dry glassware under a 
nitrogen atmosphere at ambient temperature in a glove box or 
using standard Schlenk techniques.  Petroleum ether (bp 38-53 
°C) or pentane, CH2Cl2, ether, THF, and toluene were dried over 
alumina columns similar to those described by Grubbs.25  NMR 
spectra were recorded with 500 or 600 MHz spectrometers.  1H 
or 13C NMR chemical shifts are reported vs Me4Si and were de-
termined by reference to the residual 1H or 13C solvent peaks.  31P 
NMR chemical shifts are reported vs H3PO4 (85%) used as an 
external reference.  Coupling constants are reported in Hz, as 
absolute values.  Unless indicated, peaks in NMR spectra are 
singlets. Quantitative Technologies Incorporated/Intertek 
Pharmaceutical Services (Whitehouse, NJ) provided elemental 
analyses. Mass spectrometry was performed at the University of 
Illinois.  Reagents were from commercial suppliers, except 
[Cu(NCMe)4][PF6],26 FcCH2PH2,15a,27 the chiral binaph-
thylphosphines,11 secondary phosphine 6a and Ph-PyraPhos 2a,9 
Cu(IPr)(OTf),12 Au(IPr)(OTf),14 and Pt(dppe)(Me)(Cl),28 
which were prepared by literature procedures.  
Ph-PyraPhos(BH3) (3a) We previously reported complete 
characterization of 3a, which was prepared using a CuCl catalyst 
precursor.9 Cu(IPr)(Cl) was also active.  A solution of PH2Ph (6 
mg, 0.05 mmol) in 0.2 mL of THF was added to a solution of 
Cu(IPr)(Cl) (2 mg, 0.004 mmol, 8 mol %) in 0.2 mL of THF.  A 
solution of benzyl chloride 1 (15 mg, 0.05 mmol) in 0.2 mL of 
THF was added, followed by a solution of NaOSiMe3 (14 mg, 
0.12 mmol, 2.2 equiv) in 0.2 mL of THF. The mixture turned to 
light yellow immediately and was transferred to a NMR tube. 
After 2 h, the 31P NMR spectrum showed that the intermediate 
secondary phosphine 5 (80%) was the major species, together 
with trace amounts of Ph-PyraPhos (2a, 3%) and unreacted 
PH2Ph (15%). The reaction to form 2a was complete after 3 d at 
room temperature, according to 31P NMR spectroscopy. 
Cy-PyraPhos(BH3) (3b) A solution of the primary phosphine 
(19 mg, 0.16 mmol) in 0.3 mL of THF was added to a solution of 
Cu(IPr)Cl (4 mg, 0.008 mmol, 5 mol %) in 0.2 mL of THF. A 
solution of NaOSiMe3 (40 mg, 0.36 mmol, 2.2 equiv) in 0.4 mL 
of THF was then added, followed by a solution of benzyl chloride 
1 (45 mg, 0.16 mmol, 1 equiv) in 0.4 mL of THF. The reaction 
mixture was sealed in an NMR tube under N2 and heated at 50 
°C. After 21 h, the 31P NMR spectrum of the reaction mixture 
showed the formation of the intermediate secondary phosphine 
(δ –36.3, 30%) and the tertiary phosphine product (δ 1.0, 55%). 
The reaction was done in 40 h. Under positive N2 pressure, 0.32 
mL of a BH3-THF solution (1 M in THF, 0.32 mmol, 2 equiv) 
was added dropwise to the NMR tube. The 31P NMR spectrum 
confirmed the formation of the PyraPhos-borane adduct (δ 46.4, 
apparent d, J = 62).  
Five mL of 1 M aqueous NH4Cl and 5 mL of ether were added to 
the reaction mixture. The aqueous layer was separated and ex-
tracted again with 5 mL of ether. The organic layers were com-
bined and dried with MgSO4. Removing the solvent under re-
duced pressure gave sticky light brown solid as crude product. 
Purification of this crude product with silica gel chromatography 
using 15:1 pentane/ethyl acetate as eluent gave 23 mg of white 
solid with approximately 7% impurities. Slow evaporation of the 
column eluent gave X-ray quality crystals. Recrystallization by 
vapor diffusion of pentane into a CH2Cl2 solution at room tem-
perature gave white solid (18 mg, 38% yield) with approximately 
1% impurities (31P NMR δ 65.2), which was presumably the 
phosphine oxide Cy-Pyraphos(O). 
HRMS m/z calcd for C19H21BP (M–3H)+: 291.1474; found, 
291.1469.  31P{1H} NMR (CDCl3): δ 44.8 (apparent d, J = 63). 
1H NMR (CDCl3): δ 7.71 (dd, J = 7, 7, 1H), 7.40 (dm, J = 7, 1H), 
7.37 (apparent AB pattern, JAB = 7, 1H), 7.30 (apparent AB pat-
tern, JAB = 7, 1H), 3.54 (ABX, JAB  = 17, JAX  = 7, 1H, benzyl-CH2), 
3.50-3.42 (m, 5H, overlapped, ace-CH2 + benzyl-CH2), 1.93-1.88 
(m, 1H), 1.88-1.76 (m, 3H), 1.76-1.71 (m, 1H), 1.69-1.65 (m, 
1H), 1.41-1.32 (m, 1H), 1.27-1.05 (m, 4H), 1.05-0.50 (m, broad, 
3H, BH3).  13C{1H} NMR (CDCl3): δ 148.2 (d, J = 2, Ar, quat), 
143.3 (Ar, quat), 138.5 (d, J = 13, Ar, quat), 138.2 (d, J = 8, Ar, 
quat), 132.6 (Ar, quat), 129.7 (d, J = 9, Ar), 126.1 (d, J = 52, Ar, 
quat), 124.7 (d, J = 7, Ar), 121.0 (d, J = 10, Ar), 120.8 (Ar), 36.5 
(d, J = 29, Cy CH), 31.6 (d, J = 1, ace-CH2), 30.9 (ace-CH2), 28.6 
(d, J = 37, benzyl-CH2), 26.44 (d, J = 13, Cy), 26.39 (Cy), 26.34 
(d, J = 11, Cy), 26.1 (d, J = 2, Cy), 25.7 (d, J = 1, Cy). 
Fc-PyraPhos(BH3) (3c) An orange solution of ferro-
cenylphosphine (65 mg, 0.30 mmol) in 2 mL of THF was added 
to a solution of Cu(IPr)Cl (7 mg, 0.014 mmol, 5 mol %) in 2 mL 
of THF. A solution of NaOSiMe3 (74 mg, 0.66 mmol, 2.2 equiv) 
in 2 mL of THF was then added, followed by a solution of benzyl 
chloride 1 (84 mg, 0.30 mmol, 1 equiv) in 2 mL of THF. Part of 
the orange reaction mixture (about 1/10) was transferred to an 
NMR tube and sealed under N2. The rest of the solution was 
transferred to a 50 mL Schlenk flask and put under positive N2 
pressure. The NMR tube and the Schlenk flask were both heated 
at 50 °C. After 19 h, the 31P NMR spectrum of the reaction mix-
ture in the NMR tube showed the formation of the intermediate 
secondary phosphine (δ –57.6 (81%)) and a small amount (14%) 
of the desired tertiary phosphine product (–17.0 ppm). The reac-
tion was done in 42 h. Under positive N2 pressure, 0.1 mL of a 
BH3-THF solution (1 M in THF, 0.1 mmol) was added dropwise 
to the NMR tube and another 0.5 mL of the BH3-THF solution 
(0.5 mmol) was added to the reaction mixture in the Schlenk 
flask. The 31P NMR spectrum confirmed the formation of the 
desired pyraphos-borane adduct.  
The reaction mixtures in the NMR tube and Schlenk flask were 
combined and 9 mL of 1 M aqueous NH4Cl was added. The mix-
ture was then extracted with CH2Cl2 (10×3 mL). The CH2Cl2 
layer was washed with 15 mL of water and then dried with 
MgSO4. Removing the solvent under reduced pressure gave 120 
mg of orange solid. Purification of this crude product with silica 
gel chromatography using 15:1 pentane/ethyl acetate was not 
successful, as the product seemed to be quite insoluble in the 
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eluent and blocked the column. Another trial with 1:1 pen-
tane/CH2Cl2 as eluent gave several portions of the product with 
different purities. Each portion was recrystallized by vapor diffu-
sion of pentane into a CH2Cl2 solution to give pure orange solid 
(63 mg total (53% yield)), which was also suitable for X-ray crys-
tallography.  
Anal. Calcd for C23H22BFeP: C, 69.75; H, 5.60; Found: C, 69.52; 
H, 5.29. HRMS: m/z calcd for C23H21BFeP (M-H)+, 395.0823, 
found, 395.0835; calcd for C23H19FeP (M-BH3)+, 382.0574, 
found, 382.0569.  31P{1H} NMR (CDCl3): δ 32.3 (apparent d, J = 
63). 1H NMR (CDCl3): δ 7.77 (dd, J = 7, 7, 1H), 7.41 (dm, J = 7, 
1H), 7.39 (br, apparent AB pattern, JAB = 7, 1H), 7.32 (br, appar-
ent AB pattern, JAB = 7, 1H), 4.40-4.38 (m, 1H, Fc), 4.36 (5H, 
Fc), 4.35-4.33 (m, 2H, Fc), 4.17-4.14 (m, 1H, Fc), 3.82 (AB, JAB  
= 17, 1H, benzyl-CH2), 3.68 (ABX, JAB  = 17, JAX  = 10, 1H, benzyl-
CH2), 3.51-3.44 (m, 4H, ace-CH2), 1.50-0.80 (m, broad, 3H, 
BH3).  13C{1H} NMR (CDCl3): δ 148.3 (d, J = 2, Ar, quat), 143.3 
(Ar, quat), 138.4 (d, J = 8, Ar, quat), 137.9 (d, J = 15, Ar, quat), 
132.2 (Ar, quat), 129.0 (d, J = 10, Ar), 128.1 (d, J = 57, Ar, quat), 
124.8 (d, J = 7, Ar), 121.1 (d, J = 10, Ar), 120.8 (Ar), 72.1 (d, J = 
11, Fc), 71.8 (d, J = 7, Fc), 71.5 (Fc, quat), 71.2 (d, J = 8, Fc), 
70.6 (d, J = 10, Fc), 69.7 (5C, Fc C5H5), 34.6 (d, J = 42, benzyl-
CH2), 31.6 (ace-CH2), 31.0 (ace-CH2). 
FcCH2-PyraPhos(BH3) (3d) An orange solution of the primary 
phosphine (79 mg, 0.34 mmol) in 2 mL of THF was added to a 
solution of Cu(IPr)Cl (8 mg, 0.016 mmol, 5 mol %) in 2 mL of 
THF. A solution of NaOSiMe3 (84 mg, 0.75 mmol, 2.2 equiv) in 
2 mL of THF was then added, followed by a solution of benzyl 
chloride 1 (96 mg, 0.34 mmol, 1 equiv) in 2 mL of THF. Part of 
the orange reaction mixture (about 1/10) was transferred to an 
NMR tube and sealed under N2. The rest of the solution was 
transferred to a 50 mL Schlenk flask and put under positive N2 
pressure. The NMR tube and the Schlenk flask were both heated 
at 50 °C. After 19 h, the 31P NMR spectrum of the reaction mix-
ture in the NMR tube showed the formation of the intermediate 
secondary phosphine (δ –50.0 (81%)) and a small amount (10%) 
of the desired tertiary phosphine product (–7.2 ppm). The reac-
tion was done in 3 d. Under positive N2 pressure, 0.1 mL of a 
BH3-THF solution (1 M in THF, 0.1 mmol) was added dropwise 
to the NMR tube and another 0.6 mL of the BH3-THF solution 
(0.6 mmol) was added to the reaction mixture in the Schlenk 
flask. The 31P NMR spectrum confirmed the formation of the 
desired pyraphos-borane adduct (δ 40.3).  
The reaction mixtures in the NMR tube and Schlenk flask were 
combined and 10 mL of 1 M aqueous NH4Cl was added. The 
mixture was then extracted with ether (10×3 mL). The organic 
layer was then dried with MgSO4. Removing the solvent under 
reduced pressure gave orange solid as crude product. Purification 
of this crude product with silica chromatography using 1:1 pen-
tane/CH2Cl2 as eluent was not successful, giving 73 mg of solid 
with impurities. Recrystallization by vapor diffusion of pentane 
into a CH2Cl2 solution at room temperature gave pure orange 
solid (48 mg, 34% yield), which was also suitable for X-ray crys-
tallography.  
Anal. Calcd for C24H24BFeP: C, 70.29; H, 5.90; Found: C, 69.86; 
H, 5.76. HRMS m/z calcd for C24H24BFeP (M)+, 410.1058, 
found, 410.1063.  31P{1H} NMR (CDCl3): δ 38.3 (apparent d, J = 
57).  1H NMR (CDCl3): δ 7.57 (dd, J = 7, 7, 1H), 7.36 (dm, J = 7, 
1H), 7.28 (apparent AB pattern, JAB = 7, 1H), 7.25 (apparent AB 
pattern, JAB = 7, 1H), 4.04 (5H, Fc), 4.01-3.99 (m, 2H, Fc), 3.91 
(q, J = 2, 1H, Fc), 3.79-3.78 (m, 1H, Fc), 3.48-3.41 (m, 6H, over-
lapped, ace-CH2 + benzyl-CH2), 3.08 (ABX, JAB  = 14, JAX  = 9, 1H, 
Fc-CH2), 3.03 (ABX, JAB  = 14, JBX  = 9, 1H, Fc-CH2), 1.21-0.50 
(m, broad, 3H, BH3). 13C{1H} NMR (CDCl3): δ 148.4 (d, J = 2, 
Ar, quat), 143.2 (Ar, quat), 138.2 (d, J = 14, Ar, quat), 138.1 (d, J 
= 8, Ar, quat), 132.0 (Ar, quat), 129.4 (d, J = 9, Ar), 126.7 (d, J = 
53, Ar, quat), 124.7 (d, J = 7, Ar), 120.9 (d, J = 10, Ar), 120.7 
(Ar), 78.7 (d, J = 2, Fc, quat), 69.5 (d, J = 1, Fc), 69.0 (d, J = 2, 
Fc), 68.8 (5C, C5H5), 68.1 (Fc), 67.8 (Fc), 31.6 (ace-CH2), 31.1 
(d, J = 26, Fc-CH2), 30.9 (ace-CH2), 29.7 (d, J = 37, benzyl-
CH2).  
Binaphthyl-PyraPhos(BH3) (3e) A yellow solution of the (S)-
binaphthylphosphine (30 mg, 0.10 mmol) in 0.5 mL of THF was 
added to a suspension of [Cu(NCMe)4][PF6] (4 mg, 0.011 
mmol, 10 mol %) in 0.5 mL of THF.  A solution of NaOSiMe3 
(26 mg, 0.23 mmol, 2.2 equiv) in 0.5 mL of THF was added; the 
mixture turned from yellow to red immediately. A solution of 
benzyl chloride 1 (30 mg, 0.11 mmol, 1 equiv) in 0.5 mL of THF 
was then added. The red reaction mixture was stirred at room 
temperature and monitored by 31P NMR spectroscopy. After 1 d, 
the 31P NMR spectrum showed the formation of the intermediate 
secondary phosphine (81%, two diastereomers in 1:1 ratio: δ –
43.6, –44.2) and a small amount (4%) of the desired tertiary 
phosphine product (δ -9.7, -10.6). The reaction was complete in 
3 d and gave the tertiary phosphine as two diastereomers in 2:1 
ratio: δ –14.8, –14.0. Under positive N2 pressure, 0.2 mL of a 
BH3-THF solution (1 M in THF, 0.2 mmol, 2 equiv) was added 
dropwise with a syringe to the reaction mixture. The 31P NMR 
spectrum confirmed the formation of the PyraPhos-borane ad-
duct (δ 37.0). 
Five mL of 1 M aqueous NH4Cl was added slowly to the reaction 
mixture together with 10 mL of ether. Then the water layer was 
carefully removed with a pipette. The organic layer was further 
washed with 2×5 mL of water and dried with MgSO4. Removing 
the solvent under reduced pressure gave the crude product as a 
yellow solid, which was purified by chromatography on silica (Rf 
= 0.2 in 5:1 pentane/ethyl acetate) to give 17 mg (35% yield) of 
white solid, whose 1H NMR spectrum showed a 2:1 ratio of dia-
stereomers (A:B). 
The reaction was also carried out on a larger scale (starting with 
372 mg of primary phosphine), and was done in 2 days. The ratio 
of the two diastereomers was 1.8:1. After addition of borane-THF 
and workup with chromatography as above, several eluted frac-
tions were collected, from which a small amount of X-ray quality 
crystals were obtained after four days as solvent slowly evapo-
rated away at room temperature. The 1H NMR spectrum of the 
crystals showed a more diastereoenriched sample (5:1 A/B). 
However, elemental analysis didn’t pass even with the same batch 
of crystals used for X-ray analysis.   
A reaction with Cu(IPr)(Cl) as catalyst precursor was also car-
ried out on a small scale and monitored by 31P NMR spectrosco-
py. A yellow solution of the chiral primary phosphine (15 mg, 
0.05 mmol) in 0.2 mL of THF was added to a solution of 
Cu(IPr)Cl (2 mg, 0.004 mmol, 8 mol %) in 0.2 mL of THF. A 
solution of NaOSiMe3 (13 mg, 0.12 mmol, 2.2 equiv) in 0.2 mL 
of THF was added, followed by a solution of benzyl chloride 1 
(15 mg, 0.05 mmol) in 0.2 mL of THF.  The mixture was trans-
ferred to a NMR tube, and heated to 50 °C. The reaction, moni-
tored by 31P NMR spectroscopy, was done in 2 d, with a dr of 
1.9:1 (δ -14.8, -13.9 respectively). Several other byproducts were 
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formed, as the 31P NMR spectrum showed extra peaks at 12.2 
ppm (39%) and -56.6 ppm (8%). These byproducts were also 
observed in approximately the same percentage when using 
[Cu(NCMe)4][PF6] as catalyst precursor. Addition of borane-
THF gave the PyraPhos-borane adduct (31P NMR: δ 37.1 ppm). 
The reactivity and selectivity of catalyst precursors Cu(IPr)Cl 
and [Cu(NCMe)4][PF6] was about the same, but reaction of the 
cheaper nitrile complex precursor occurred at room temperature 
instead of 50 °C for Cu(IPr)(Cl), which was more convenient. 
Anal. Calcd for C33H26BP: C, 85.36; H, 5.64; Found: C, 83.16; H, 
5.33. HRMS m/z calcd for C33H25BP (M-H)+, 463.1787, found, 
463.1783. The NMR data below was obtained from the sample 
with A/B diastereomer ratio 2:1. 31P{1H} NMR (CDCl3): δ 35.8 
(broad). 1H NMR (CDCl3): δ 8.59 (dd, J = 13, 9, 1H, A), 8.56 
(dd, J = 13, 9, 1H, B), 8.10 (apparent d, J = 9, 1H, A+B), 7.94 (d, 
J = 8, 1H, A+B), 7.58 (d, J = 8, 1H, B), 7.54 (dd, J = 7, 7, 1H, B), 
7.52-7.48 (m, 1H, A+B), 7.46 (d, J = 8, 1H, A), 7.37 (apparent t, J 
= 7, 1H, B), 7.28 (dm, J = 7, 1H, B), 7.25-7.19 (m, 1H, A+B), 
7.18-7.13 (m, 2H, 2A+2B), 7.12 (dd, J = 7, 1, 2H, A), 7.08 (dd, J 
= 7, 7, 1H, A), 7.06 (d, J = 7, 1H, A), 7.01 (d, J = 8, 1H, B), 6.98-
6.94 (m, 1H, A+B), 6.88 (d, J = 9, 1H, B), 6.87 (d, J = 9, 1H, A), 
6.72 (dd, J = 8, 7, 1H, A), 6.68 (d, J = 8, 1H, A), 6.48 (dm, J = 7, 
1H, A), 6.40-6.37 (m, 2H, B), 6.30 (d, J = 7, 1H, B), 3.70 (ABX, 
JAB  = 17, JAX = 9, 1H, benzyl, A), 3.60 (AB, JAB  = 17, 1H, benzyl, 
A), 3.52-3.14 (m, overlapped, 8 ace-H (A+B) + 2 benzyl-H (B)), 
1.50-0.70 (m, broad, 3H, BH3 (A+B)). 13C{1H} NMR (CDCl3): 
δ 147.8 (d, J = 2, Ar, quat, B), 146.9 (d, J = 2, Ar, quat, A), 144.8 
(Ar, quat, B), 144.5 (Ar, quat, A), 142.5 (Ar, quat, A), 142.4 (Ar, 
quat, B), 137.81 (d, J = 9, Ar, quat, B), 137.76 (d, J = 16, Ar, quat, 
B), 137.6 (d, J = 16, Ar, quat, A), 137.2 (d, J = 9, Ar, quat, A), 
134.64 (d, J = 2, Ar, quat, B), 134.58 (d, J = 2, Ar, quat, A), 134.1 
(d, J = 4, Ar, quat, A), 133.6 (apparent d, J = 8, Ar, quat, A+B), 
133.1 (d, J = 3, Ar, quat, B), 132.8 (Ar, quat, B), 132.5 (Ar, quat, 
B), 132.3 (Ar, quat, A), 132.1 (Ar, quat, A), 131.9 (Ar, quat, A), 
131.8 (Ar, quat, B), 130.4 (d, J = 21, Ar, B), 130.2 (d, J = 21, Ar, 
A), 129.0 (Ar, B), 128.7 (d, J = 10, Ar, A), 128.6 (d, J = 10, Ar, B), 
128.2 (Ar, A), 128.1 (d, J = 14, Ar, A), 127.99 (d, J = 14, Ar, B), 
127.97 (Ar, B), 127.86 (Ar, overlapped, A+B), 127.82 (Ar, B), 
127.78 (Ar, A), 127.5 (Ar, B), 127.4 (Ar, A), 127.2 (d, J = 5, Ar, 
2A), 127.1 (Ar, B), 127.0 (d, J = 43, Ar, quat, A), 126.72 (d, J = 
42, Ar, quat, B), 126.66 (Ar, overlapped, A+B), 126.1 (Ar, B), 
125.9 (Ar, 2A), 125.7 (Ar, B), 125.5 (Ar, B), 125.19 (Ar, A), 
125.17 (d, J = 60, Ar, quat, A+B), 124.2 (d, J = 8, Ar, A), 124.1 
(Ar, A), 123.9 (d, J = 8, Ar, B), 123.0 (Ar, B), 120.8 (d, J = 11, Ar, 
B), 120.4 (d, J = 11, Ar, A), 120.2 (Ar, B), 120.1 (Ar, A), 35.1 (d, 
J = 41, benzyl-CH2, A), 33.0 (d, J = 41, benzyl-CH2, B), 31.5 (ace-
CH2, B), 31.4 (ace-CH2, A), 30.8 (ace-CH2, B), 30.7 (ace-CH2, 
A). 
MeO-Binaphthyl-PyraPhos(BH3) (3f) A solution of (R)-OMe 
primary phosphine (25 mg, 0.079 mmol) in 0.3 mL of THF was 
added to a solution of Cu(IPr)(Cl) (2 mg, 0.004 mmol, 5 mol %) 
in 0.3 mL of THF. A solution of NaOSiMe3 (20 mg, 0.18 mmol, 
2.2 equiv) in 0.3 mL of THF was added; the solution turned from 
colorless to yellow immediately. A solution of benzyl chloride 1 
(23 mg, 0.082 mmol, 1 equiv) in 0.3 mL of THF was added. The 
yellow solution was transferred to a NMR tube and sealed under 
N2. The tube was heated at 50 °C and the reaction was monitored 
by 31P NMR spectroscopy. After 19 h, the 31P NMR spectrum 
showed the formation of the intermediate secondary phosphine 
(two diastereomers: δ –39.0 (51%), –42.2 (38%)) and a small 
amount (11%) of the tertiary phosphine product (two diastere-
omers, around –14.0 ppm). The reaction was done in 42 h, with 
dr ~ 1.2:1. Under positive N2 pressure, 0.16 mL of a BH3-THF 
solution (1 M in THF, 0.16 mmol, 2 equiv) was added dropwise 
with a syringe. The 31P NMR spectrum confirmed the formation 
of the desired PyraPhos-borane adduct (δ 36.1 ppm, broad). 
Three mL of 1 M aqueous NH4Cl was added slowly to the reac-
tion mixture together with 5 mL of ether. Then the water layer 
was carefully removed with a pipette and extracted again with 5 
mL of ether. The combined organic layer was dried with MgSO4. 
Removing the solvent under reduced pressure gave 40 mg of 
white solid. This crude product was purified by chromatography 
on silica (Rf = 0.16 in 3:1 pentane/ethyl acetate). Two portions 
of pure product were collected. The first 13 mg was enriched in 
diastereomer A (2.3:1 A/B). The next 24 mg of product was 
slightly enriched in diastereomer B (0.8:1 A/B). Thus, a total of 
37 mg (95% yield) of white solid was collected, which was pure as 
indicated by NMR spectra. Vapor diffusion of pentane into an 
ether solution of the 24 mg portion at room temperature gave 
small X-ray quality crystals.  
In a smaller scale experiment using 11 mg of the primary phos-
phine and 10 mol % of the Cu(IPr)(Cl) catalyst precursor, the 
reaction was first conducted at room temperature. Within one 
day, most of the primary phosphine converted to the secondary 
phosphine. However, in the following three days at room temper-
ature, the reaction seemed to have stopped and the secondary 
phosphine was still the major compound present. Then the mix-
ture was heated at 50 °C and the reaction was completed in 2 d. 
After addition of borane and workup, 11 mg (63% yield) of prod-
uct was collected after silica gel chromatography as a mixture of 
two diastereomers A and B (1.2:1 ratio). 
A large-scale experiment starting with 307 mg of primary phos-
phine was also conducted with the same procedure as the first 
one. After 22 h, the primary phosphine was all converted to the 
intermediate secondary phosphine (two diastereomers: 31P{1H} 
NMR δ –39.0, –42.1). However, it took one week for complete 
conversion to PyraPhos (δ –13.95, –14.00). After addition of 
borane-THF and workup, a mixture of pentane/ethyl acetate 
(10:1) was used as eluent for silica gel chromatography. Twelve 
fractions were collected. The first fraction (7 mg) was highly 
diastereo-enriched (A/B = 99:1). The second fraction (11 mg) 
had a 20:1 ratio (A/B), while the third fraction (20 mg) was 8:1. 
The last fraction (31 mg) was approximately 1:3 ratio A/B. The 
total mass of the twelve fractions was 338 mg (70% yield). Re-
peated chromatography of the middle fractions gave more dia-
stereoenriched samples, and we were able to obtain around 30 mg 
total of highly diastereoenriched sample (A/B ~ 20:1). X-ray 
quality crystals (mixture of two diastereomers) were also ob-
tained from the chromatography eluent, after slow evaporation of 
the solvent at room temperature.  Although a sample from the 
same batch of X-ray crystals was used for elemental analysis, the 
results were low in carbon. 
Anal. Calcd for C34H28BOP: C, 82.60; H, 5.71; Found: C, 80.99; 
H, 5.64. HRMS m/z calcd for C34H27BOP (M–H)+: 493.1893; 
found, 493.1890. The NMR data of diastereomer A was obtained 
from the highly diastereoenriched (A/B = 99:1) sample. 31P{1H} 
NMR (CDCl3): δ 34.9 (apparent d, J = 49). 1H NMR (CDCl3): δ 
8.63 (dd, J = 13, 8, 1H), 8.11 (dd, J = 8, 2, 1H), 7.95 (d, J = 8, 
1H), 7.49 (ddd, J = 8, 7, 1, 1H), 7.35 (d, J = 8, 1H), 7.14 (ddd, J = 
8, 7, 1, 1H), 7.12-7.10 (m, 2H), 7.08 (ddd, J = 8, 7, 1, 1H), 7.06 
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(d, J = 8, 1H), 6.98 (dd, J = 7, 7, 1H), 6.91 (ddd, J = 8, 7, 1, 1H), 
6.86 (d, J = 9, 1H), 6.464 (d, J = 9, 1H), 6.460 (d, J = 8, 1H),  6.42 
(dm, J = 7, 1H), 3.97 (dd, J  = 17, 10, 1H, benzyl), 3.61 (3H, 
OCH3), 3.53 (d, J  = 17, 1H, benzyl), 3.38-3.15 (m, 4 ace-H), 
1.35-0.80 (m, broad, 3H, BH3). 13C{1H} NMR (CDCl3): δ 153.9 
(Ar, quat), 146.6 (d, J = 2, Ar, quat), 142.4 (Ar, quat), 141.2 (Ar, 
quat), 137.3 (d, J = 16, Ar, quat), 137.1 (d, J = 9, Ar, quat), 134.9 
(d, J = 2, Ar, quat), 133.7 (Ar, quat), 133.3 (d, J = 8, Ar, quat), 
132.9 (Ar, quat), 130.7 (d, J = 22, Ar), 129.3 (Ar), 128.6 (d, J = 
10, Ar), 128.0 (Ar), 127.95 (d, J = 13, Ar), 127.7 (Ar), 127.4 (d, J 
= 28, Ar, quat), 127.2 (d, J = 15, Ar, quat), 126.8 (Ar), 126.6 (Ar, 
2C), 126.3 (Ar), 125.0 (d, J = 60, Ar, quat), 124.7 (Ar), 123.7 (d, 
J = 8, Ar), 122.9 (Ar), 120.4 (d, J = 11, Ar), 119.7 (Ar), 119.0 (d, J 
= 4, Ar, quat), 111.2 (Ar), 55.3 (OCH3), 32.9 (d, J = 41, benzyl-
CH2), 31.4 (ace-CH2), 30.7 (ace-CH2). 
From comparison of the NMR spectra of A and of A/B mixtures, 
the spectra of diastereomer B could be assigned. 31P{1H} NMR 
(CDCl3): δ 34.8 (broad). 1H NMR (CDCl3): δ 8.54 (dd, J = 13, 
8, 1H), 8.08 (dd, J = 8, 2, 1H), 7.95 (d, J = 8, 1H), 7.55 (dd, J = 7, 
7, 1H), 7.50 (ddd, J = 8, 7, 1, 1H), 7.42 (d, J = 8, 1H), 7.28-7.26 
(m, 1H), 7.20 (ddd, J = 8, 7, 1, 1H), 7.19-7.14 (m, 3H), 6.96-6.92 
(m, 2H), 6.82 (d, J = 8, 1H), 6.39 (d, J = 7, 1H), 6.29 (d, J = 9, 
1H), 3.50-3.28 (m, overlapped, 4 ace-H + 1 benzyl-H), 3.29 (3H, 
OCH3), 3.24 (d, J  = 18, 1H, benzyl), 1.35-0.80 (m, broad, 3H, 
BH3). 13C{1H} NMR (CDCl3): δ 153.8 (Ar, quat), 147.3 (d, J = 
2, Ar, quat), 142.1 (Ar, quat), 141.5 (Ar, quat), 137.52 (d, J = 16, 
Ar, quat), 137.48 (d, J = 9, Ar, quat), 134.9 (Ar, quat), 133.3 (Ar, 
quat), 133.2 (d, J = 8, Ar, quat), 131.7 (Ar, quat), 130.7 (d, J = 22, 
Ar), 129.4 (Ar), 129.0 (d, J = 10, Ar), 128.0 (Ar), 127.9 (d, J = 13, 
Ar), 127.74 (Ar), 127.71 (Ar), 127.5 (d, J = 33, Ar, quat), 127.2 
(d, J = 18, Ar, quat), 126.63 (Ar), 126.58 (Ar), 126.4 (Ar), 125.0 
(d, J = 60, Ar, quat), 124.5 (Ar), 123.8 (d, J = 8, Ar), 123.0 (Ar), 
119.98 (d, J = 11, Ar), 119.96 (Ar), 118.9 (d, J = 4, Ar, quat), 
110.2 (Ar), 54.7 (OCH3), 33.2 (d, J = 41, benzyl-CH2), 31.5 
(ace-CH2), 30.8 (ace-CH2). 
Stoichiometric reaction of Cu(IPr)(Cl) with PH2Ph, Na-
OSiMe3 and benzyl chloride 1 to form Ph-PyraPhos 2a A solu-
tion of PH2Ph (5 mg, 0.04 mmol) in 0.3 mL of THF was added to 
a solution of Cu(IPr)(Cl) (22 mg, 0.045 mmol, 1 equiv) in 0.3 
mL of THF. A solution of NaOSiMe3 (5 mg, 0.04 mmol, 1 equiv) 
in 0.3 mL of THF was added. The solution turned from colorless 
to bright yellow immediately. The 31P{1H} NMR spectrum of the 
mixture showed two peaks, which were assigned to PH2Ph (δ -
125.2) and the copper-phosphido complex Cu(IPr)(PHPh) 
(12a, broad, δ -124). Then a solution of benzyl chloride 1 (13 
mg, 0.045 mmol, 1 equiv) in 0.3 mL of THF was added. The 
mixture turned light yellow-orange. The 31P{1H} NMR spectrum 
showed the formation of secondary phosphine 6a (δ -37.8) and a 
little Ph-PyraPhos 2a (δ -6.4). This mixture was treated with a 
second equivalent of NaOSiMe3 (5 mg, 0.04 mmol, in 0.3 mL of 
THF). The 31P NMR signal of 6a slowly disappeared, while more 
Ph-PyraPhos 2a was formed; complete conversion at room tem-
perature took two days. 
Observation of [Cu(IPr)(PH2Ph)][OTf] (5) and 
[Cu(IPr)(PHPh(CH2Ar))][OTf] (8-OTf) via stoichiometric 
reaction of Cu(IPr)(OTf) with PH2Ph, NaOSiMe3 and benzyl 
chloride 1 A solution of PH2Ph (29 mg, 0.26 mmol) in 1 mL of 
THF was added to a solution of Cu(IPr)(OTf) (156 mg, 0.26 
mmol, 1 equiv) in 1 mL of THF. The 31P NMR spectrum showed 
a sharp triplet at -103.5 ppm (JP-H = 314 Hz), perhaps due to ex-
change between PH2Ph and [Cu(IPr)(PH2Ph)][OTf] (7). 1H 
NMR (C6D6): δ 7.24 (t, J = 8, 2H, IPr Ar), 7.13-7.10 (m, 2H, Ar), 
7.08 (d, J = 8, 4H, IPr Ar), 6.94-6.92 (m, 1H, Ph), 6.90-6.86 (m, 
2H, Ph), 6.47 (2H, IPr CH=CH), 4.22 (d, J = 312, 2H, PH2), 
2.60 (m, 4H, i-Pr CH), 1.24 (d, J = 7, 12H, i-Pr Me), 1.03 (d, J = 
7, 12H, i-Pr Me). 
A solution of NaOSiMe3 (29 mg, 0.26 mmol, 1 equiv) in 1 mL of 
THF was added; the mixture turned bright yellow immediately. 
The 31P{1H} NMR spectrum showed two peaks, assigned to 
PH2Ph (δ –124.8) and the copper-phosphido complex 
Cu(IPr)(PHPh) (12a, δ –123, broad).  A solution of benzyl chlo-
ride 1 (73 mg, 0.26 mmol, 1 equiv) in 1 mL of THF was added. 
The 31P{1H} NMR spectrum showed partial conversion of 12a to 
give a broad peak at -33 ppm due to 
[Cu(IPr)(PHPh(CH2Ar))][OTf] (8a-OTf).  
[Cu(IPr)(PHPh(CH2Ar))][OTf] (8a-OTf) A solution of 
Cu(IPr)(OTf) (179 mg, 0.30 mmol) in 2 mL of THF was added 
to a solution of the phosphine (106 mg, 0.30 mmol, 1 equiv) in 2 
mL of THF. The mixture was stirred for 2 min and then solvent 
was removed under vacuum to give 282 mg (99% yield) of white 
solid. NMR spectra were obtained in CD2Cl2, although slow de-
composition was observed in solution. 
HRMS (m/z): calcd for C46H52N2PCuBr (M+), 805.2347, found, 
805.2347. 31P{1H} NMR (CD2Cl2): δ -29.2. 31P{1H} NMR 
(THF): δ -33.1. 19F{1H} NMR (CD2Cl2): δ -78.8. 1H NMR 
(CD2Cl2): δ 7.53 (t, J = 8, 2H), 7.51 (d, J = 8, 1H), 7.42 (broad, 
1H), 7.30-7.28 (m, 6H), 7.21 (t, J = 7, 2H), 7.11 (broad, d, J = 6, 
1H), 6.98 (broad, d, J = 6, 1H), 6.79 (broad, 2H), 6.73 (broad, 
1H), 4.88 (broad, d, J = 344, P-H), 4.11 (broad, d, J = 11, 1H, 
benzyl-CH2), 3.66 (broad, 1H, benzyl-CH2), 3.31 (4H, ace-
CH2), 2.52 (sept, J  = 7, 4H, CH), 1.21 (d, J  = 7, 12H, CH3), 1.08 
(broad, 12H, CH3). 13C{1H} NMR (CD2Cl2): δ 179.2 (broad, 
NHC-carbene), 148.5 (Ar, quat), 148.0 (broad, Ar, quat), 146.1 
(Ar, quat), 142.4 (Ar, quat), 135.3 (Ar), 134.7 (Ar, quat), 134.4 
(broad, Ar), 133.6 (Ar), 131.6 (broad, Ar), 131.3 (Ar), 129.6 
(Ar), 128.0 (Ar, quat), 124.9 (Ar), 124.6 (Ar), 121.4 (Ar), 120.6 
(Ar), 113.1 (Ar, quat), 30.6 (ace-CH2), 30.5 (ace-CH2), 29.9 
(very broad, benzyl-CH2), 29.2 (CH), 25.1 (CH3), 24.2 (CH3). 
The triflate CF3 signal was not observed. 
[Cu(IPr)(Ph-PyraPhos)][OTf] (9-OTf) A clear solution of 
Cu(IPr)(OTf) (99 mg, 0.16 mmol) in 2 mL of THF was added 
to a solution of Ph-PyraPhos (45 mg, 0.16 mmol, 1 equiv) in 2 
mL of THF. The mixture was stirred for 20 min and then solvent 
was removed under vacuum to give 142 mg (98% yield) of white 
powder. The complex was relatively stable in solution and could 
be characterized by NMR and mass spectrometry. However, we 
were not able to obtain it in pure form, since it decomposed slow-
ly in the solid state at room temperature, and attempted recrystal-
lization by diffusion of pentane vapor into a THF solution also 
led to decomposition. 
HRMS (m/z): calcd for C46H51N2PCu (M+), 725.3086, found, 
725.3094. 31P{1H} NMR (CD2Cl2): δ 2.9 (broad). 19F{1H} NMR 
(CH2Cl2): δ -78.9. 1H NMR (CD2Cl2): δ 7.57 (t, J = 8, 2H), 7.38-
7.27 (m, overlapped, 10H), 7.16 (t, J = 7, 2H), 7.15-7.11 (over-
lapped, 1H), 6.69 (dd, J = 12, 7, 2H), 3.51-3.45 (m, 4H, ace-
CH2), 3.46 (ABX, JAB  = 18, m, overlapping, 1H, benzyl-CH2), 
3.39 (ABX, JAB  = 18, JBX  = 8, 1H, benzyl-CH2), 2.59 (sept, J  = 7, 
4H, CH), 1.26 (d, J  = 7, 12H, CH3), 1.18 (d, J  = 7, 12H, CH3). 
13C{1H} NMR (CD2Cl2): δ 177.7 (broad, NHC-carbene), 149.4 
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(Ar, quat), 145.9 (Ar, quat), 144.2 (Ar, quat), 138.8 (d, J = 7, Ar, 
quat), 138.4 (d, J = 14, Ar, quat), 134.1 (Ar, quat), 132.3 (Ar, 
quat), 131.8 (Ar), 131.7 (d, J = 15, Ar), 131.2 (Ar), 130.1 (d, J = 
13, Ar), 129.5 (d, J = 11, Ar), 125.6 (d, J = 7, Ar), 124.7 (Ar), 
124.6 (Ar), 121.53 (d, J = 11, Ar), 121.49 (Ar), 34.7 (d, J = 30, 
benzyl-CH2), 31.8 (ace-CH2), 31.1 (ace-CH2), 28.9 (CH), 25.2 
(CH3), 23.6 (CH3). The triflate CF3 signal was not observed. 
Reaction of [Cu(IPr)(PHPh(CH2Ar))][OTf] (8-OTf) with 
excess NaOSiMe3 To a solution of 
[Cu(IPr)(PHPh(CH2Ar))][OTf] (8-OTf, 10 mg, 0.01 mmol) in 
0.4 mL of THF, a solution of NaOSiMe3 (4 mg, 0.04 mmol, 4 
equiv) in 0.4 mL of THF was added. The mixture was transferred 
to a NMR tube and monitored by 31P NMR spectroscopy. Sec-
ondary phosphine 6a (80%) formed immediately, together with 
some Ph-PyraPhos (2a, 20%). The reaction was done in 8 h with 
full conversion of 8-OTf to 2a. 
Reaction of [Cu(IPr)(Ph-PyraPhos)][OTf] (9-OTf) with 
excess [NOct4][Br] A solution of [Cu(IPr)(Ph-
PyraPhos)][OTf] (9-OTf, 21 mg, 0.024 mmol, 1 equiv) in 0.5 
mL of THF was added to a solution of [NOct4][Br] (16 mg, 
0.029 mmol, 1.2 equiv) in 0.5 mL of THF. The 31P NMR spec-
trum showed that 9-OTf was consumed and Ph-PyraPhos (–6.5 
ppm) was formed.  
Reactions of [Cu(IPr)(PHPh(CH2Ar))][OTf] (8-OTf) with 
the bases NaN(SiMe3)2 and CsOH∙H2O The two reactions 
were set up together for comparison. A solution of 
[Cu(IPr)(PHPh(CH2Ar))][OTf] (8-OTf, 40 mg, 0.042 mmol) 
in 1 mL of THF was divided evenly in two parts. One was added 
to 5 mg of NaN(SiMe3)2 (0.027 mmol, 1.3 equiv), and the other 
half was added to approximately 10 mg of CsOH•H2O (0.06 
mmol, 2.9 equiv). The mixtures were transferred to two NMR 
tubes and monitored by 31P NMR spectroscopy.  
Reaction with NaN(SiMe3)2: Ten minutes after addition, a sig-
nificant amount of [Cu(IPr)(Ph-PyraPhos)][OTf] (9-OTf, δ -
6.3) had formed. Besides the starting material at –37.6 ppm, a 
small peak at –59 ppm, perhaps Cu(IPr)(PPhCH2Ar), was also 
observed, which almost disappeared after another 15 min. Com-
plete conversion of 8-OTf had occurred after 45 min, and the 
major species in the reaction mixture was 9-OTf.  
Reaction with CsOH∙H2O: Thirty minutes after addition, some 
[Cu(IPr)(Ph-PyraPhos)][OTf] (9-OTf, δ -6.3) had formed, 
together with the sharp peak at -59 ppm. After 22 h, there was no 
more starting material left, and the -59 ppm peak also disap-
peared. [Cu(IPr)(Ph-PyraPhos)][OTf] (9-OTf) was the major 
component in the mixture after the reaction was done. 
[Au(IPr)(PHPh(CH2Ar))][OTf] (10) A solution of 
Au(IPr)(OTf) (277 mg, 0.38 mmol, light purple due to slight 
decomposition) in 2 mL of THF was added to a solution of the 
secondary phosphine (134 mg, 0.38 mmol, 1 equiv) in 2 mL of 
THF. The 31P NMR spectrum showed a broad peak at 2.9 ppm 
for the product. The mixture was filtered through a Celite plug 
and a light brown filtrate was collected, which was further con-
centrated under vacuum to around 0.5 mL. While a small portion 
of the filtrate was taken out and pumped down under vacuum to 
give a solid for NMR characterization, the major part was used in 
recrystallization via vapor diffusion of pentane into this concen-
trated THF solution. NMR spectra obtained in CD2Cl2 con-
firmed the right structure. However, the sample decomposed 
slowly during recrystallization, and we could not obtain the prod-
uct in pure form. 
HRMS (m/z): calcd for C46H52N2PAuBr (M+), 939.2717, found, 
939.2695. 31P{1H} NMR (CD2Cl2): δ 6.1 (broad); 31P{1H} NMR 
(THF): δ 2.9 (broad). 1H NMR (CD2Cl2): δ 7.65 (t, J = 8, 2H), 
7.64 (d, J = 7, 1H), 7.50 (t, J = 7, 1H), 7.48 (2H), 7.40 (d, J = 8, 
4H), 7.26 (broad t, J = 7, 2H), 7.14 (d, J = 7, 1H), 6.99 (d, J = 7, 
1H), 6.82 (dd, J = 13, 8, 2H), 6.70 (dd, J = 7, 3, 1H), 6.02 (dm, JP-
H = 392, 1H, PH), 4.37 (ddd, J = 15, 5, 5, 1H, benzyl-CH2),  3.73 
(ddd, J = 15, 10, 8, 1H, benzyl-CH2), 3.33 (4H, ace-CH2), 2.54 
(sept, J  = 7, 4H, CH), 1.27 (d, J  = 7, 12H, CH3), 1.23 (d, J  = 7, 
12H, CH3). 13C{1H} NMR (CD2Cl2): δ 189.8 (NHC-carbene), 
148.7 (d, J  = 4, Ar, quat), 148.6 (Ar, quat), 146.4 (Ar, quat), 
142.5 (d, J  = 2, Ar, quat), 135.5 (Ar), 134.8 (d, J  = 12, Ar), 133.73 
(d, J  = 7, Ar), 133.70 (Ar, quat, overlapped), 132.7 (d, J  = 2, Ar), 
131.8 (Ar), 129.6 (d, J  = 11, Ar), 127.8 (Ar, quat), 125.4 (Ar), 
125.0 (Ar), 121.5 (Ar), 120.5 (d, J  = 4, Ar), 113.4 (Ar, quat),  
31.8 (d, J  = 30, benzyl-CH2), 30.7 (ace-CH2), 30.5 (ace-CH2), 
29.4 (CH), 25.2 (CH3), 24.3 (CH3). The triflate CF3 signal was 
not observed. 
[Au(IPr)(Ph-PyraPhos)][OTf] (11) A solution of 
Au(IPr)(OTf) (97 mg, 0.13 mmol) in 2 mL of THF was added to 
a solution of Ph-PyraPhos (36 mg, 0.13 mmol, 1 equiv) in 2 mL 
of THF. The mixture was stirred at room temperature for 20 min 
and then the solvent was removed under vacuum to give 129 mg 
(97% yield) of white solid, which was relatively stable in CD2Cl2.  
31P{1H} NMR (CD2Cl2): δ 36.6 (broad). 19F{1H} NMR 
(CD2Cl2): δ -78.9. 1H NMR (CD2Cl2): δ 7.60 (t, J = 8, 2H), 7.48 
(2H), 7.43-7.35 (m, overlapped, 8H), 7.27 (dd, J = 8, 8, 1H), 
7.20 (t, J = 8, 2H), 6.80 (dd, J = 13, 8, 2H), 3.74 (AB, JAB  = 18, 
1H, benzyl-CH2), 3.59 (ABX, JAB  = 18, JBX  = 8, 1H, benzyl-CH2), 
3.52-3.45 (m, 4H, ace-CH2), 2.58 (sept, J  = 7, 4H, CH), 1.28 (t, J  
= 7, 24H, CH3). 13C{1H} NMR (CD2Cl2): δ 189.8 (broad, NHC-
carbene), 150.3 (Ar, quat), 146.4 (Ar, quat), 144.7 (Ar, quat), 
139.1 (d, J = 8, Ar, quat), 138.8 (d, J = 16, Ar, quat), 133.7 (Ar, 
quat), 132.7 (d, J = 15, Ar), 132.6 (Ar), 131.7 (Ar), 130.3 (d, J = 
12, Ar), 129.8 (d, J = 11, Ar), 126.2 (d, J = 8, Ar), 125.4 (Ar), 
125.1 (Ar), 122.0 (d, J = 11, Ar), 121.9 (Ar), 36.5 (d, J = 35, ben-
zyl-CH2), 32.3 (ace-CH2), 31.5 (ace-CH2), 29.5 (CH), 25.3 
(CH3), 24.2 (CH3). The triflate CF3 signal was not observed. 
Generation and Reactivity of Cu(IPr)(PHAr*) (12f) A solu-
tion of NaOSiMe3 (5 mg, 0.045 mmol) in 0.5 mL of THF-d8 was 
added to solid Cu(IPr)(Cl) (22 mg, 0.045 mmol), and a solution 
of (R)-MeO-BinaphthylPH2 (14.3 mg, 0.045 mmol) in 0.5 mL of 
THF-d8 was added to the resulting mixture to give a yellow solu-
tion.  The 31P{1H} NMR and 1H NMR spectra showed the pres-
ence of a mixture (about 1:1:1:1) of Cu(IPr)(OSiMe3), 
Cu(IPr)(PHAr*), Me3SiOH, and PH2Ar* (Ar* = (R)-MeO-
Binaphthyl). 
Cu(IPr)(PHAr*) (12f) 31P{1H} NMR (THF-d8, 21 °C): d –
124.7.  31P NMR (THF-d8, 21 °C): d –124.7 (dd, J = 206, 9). 1H 
NMR (THF-d8, 21 °C; signals overlapping those due to PH2Ar* 
and [Cu]-OSiMe3 are noted): d 7.74-7.72 (m, overlap, 1H), 7.69 
(d, J = 8, 1H), 7.56-7.52 (m, 3H, overlap, 1H Ar + 2H IPr 
CH=CH), 7.44 (4H, IPr CH=CH, overlapping signals for [Cu]-
OSiMe3 and [Cu]-PHAr*), 7.34 (d, J = 8, 8H, IPr Ar, overlapping 
signals for [Cu]-OSiMe3 and [Cu]-PHAr*), 7.28-7.26 (m, over-
lap, 1H), 7.13-7.09 (m, overlap, 2H), 7.01 (t, J = 7, 1H), 6.91-
6.89 (m, overlap, 2H), 6.87 (t, J = 7, 1H), 6.68 (d, J = 8, 1H), 6.63 
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(apparent t, JHH = JPH = 9, 1H), 3.48 (3H, OMe), 2.68-2.59 (m, 
8H, IPr CH, overlapping signals for [Cu]-OSiMe3 and [Cu]-
PHAr*), 1.96 (d, J = 206, 1H, Cu-PHAr*), 1.22-1.20 (m, 24H, 
IPr Me). 
NMR data for the other components of the mixture was not re-
ported previously in this solvent, so it is included here for conven-
ience.  
MeO-Binaphthyl-PH2 (5) 31P{1H} NMR (THF-d8, 21 °C): d –
129.5.  31P NMR (THF-d8, 21 °C): d –129.5 (td, J = 200, 4). 1H 
NMR (THF-d8, 21 °C): d 8.05 (d, J = 9, 1H), 7.88 (apparent dd, 
J = 8, 3, 2H), 7.85 (d, J = 8, 1H), 7.73 (dd, J = 8, 6, 1H), 7.54 (d, J 
= 9, 1H), 7.39 (t, J = 7, 1H), 7.28 (t, J = 7, 1H), 7.18 (apparent q, 
J = 7, 2H), 7.09 (d, J = 8, 1H), 6.90 (d, J = 8, 1H), 3.75 (3H, 
OMe), 3.51 (ABX pattern, J = 200, 12, 2H, PH2). 
Cu(IPr)(OSiMe3) 1H NMR (THF-d8, 21 °C): d 7.47 (t, J = 8, 
2H, IPr Ar), 7.44 (2H, IPr CH=CH), 7.34 (d, J = 8, 4H, IPr Ar), 
2.68-2.59 (m, 4H, IPr CH), 1.33 (d, J = 7, 12H, IPr Me), 1.22 (d, 
J = 7, 12H), –0.50 (9H, OSiMe3). 
Me3SiOH 1H NMR (THF-d8, 21 °C): d 0.0 (br, 9H, SiMe3); the 
OH signal could not be confidently assigned.  In the mixture, 
both this Me3Si peak and the –0.50 one due to Cu(IPr)(OSiMe3) 
were broad at room temperature, but they became sharp on cool-
ing to –35 °C. 
The benzyl chloride 1 (13 mg, 0.046 mmol) was added to the 
solution; the color changed to orange-yellow and a 7:1 mixture of 
the two diastereomers of the secondary phosphine 
Ar*PH(CH2Ar) (6f) was observed by 31P{1H} and 31P NMR 
spectroscopy (d –39.4 (minor, dd, J = 210, 11), –42.4 (major, dd, 
J = 208, 5)), along with a little of the primary phosphine and the 
Cu-PHAr* intermediate.  The 1H NMR spectrum showed that 
Cu(IPr)(Cl) was the major species, along with some 
Cu(IPr)(OSiMe3), presumably because of inexact stoichiometry 
on this small scale.  After 4 d, the ratio of secondary phosphines 
had changed to 1:1.4, but some decomposition was also ob-
served. 
Cu(IPr)(Cl) 1H NMR (THF-d8, 21 °C): d 7.51 (2H, CH=CH), 
7.49 (t, J = 8, 2H, Ar), 7.35 (d, J = 8, 4H, Ar), 2.68-2.60 (m, 4H, 
CH), 1.31 (d, J = 7, 12H, Me), 1.23 (d, J = 7, 12H, Me). 
PHAr*(CH2Ar) (6f) To Ar*PH2 (5, 79 mg, 0.25 mmol) was 
added a solution of Pt(dppe)(Me)(Cl) (8 mg, 0.05 mmol, 20 
mol %) and NaOSiMe3 (55 mg, 0.5 mmol, 2 equiv) in 2 mL of 
THF, resulting in a light yellow solution, which was added to 
benzyl chloride 1 (71 mg, 0.25 mmol) to give an orange solution. 
The reaction mixture was stirred overnight. Solvent was removed 
in vacuo, the orange solid residue was extracted with 5 mL of 
ether, and the solution was filtered through Celite to give a yellow 
solution. The solution was cooled to –22 °C, yielding a tan solid. 
The solid was dissolved in 9:1 pentane/THF and filtered through 
a silica plug, yielding a white solid (40 mg, 29%). Alternatively, 10 
mL of pentane was added to the original orange solution and the 
reaction mixture was filtered through a silica plug, yielding a col-
orless solution. The solvent was removed in vacuo resulting in a 
white solid, (91 mg, 65%).   
We could not get satisfactory elemental analyses for the air-
sensitive phosphine.  Results were consistent with partial oxida-
tion.  Anal. calcd. for C34H26BrO2P: C, 72.73; H, 4.67.  Anal. 
calcd. for C34H26BrO3P: C, 70.72; H, 4.54.  Found: C, 71.32; H, 
4.35.  
HRMS m/z calcd. for C34H27BrOP[MH]+: 561.0983. Found: 
561.0977.  
NMR spectra are reported for a mixture of two diastereomers 
(A/B, dr = 1.3:1), with clear differences between diastereomers 
labeled accordingly. 31P{1H} NMR (THF, 25 °C): δ –39.6 (A), –
42.7 (B). 31P NMR (THF-d8, 25 °C): δ -39.3 (dd, J = 14, 211, A), 
-42.4 (dd, J = 6, 209, B). 1H NMR (THF-d8, 25 °C): δ 8.00 (d, J = 
10, 1H, Ar CH B), 7.99 (d, J = 9, 1H, Ar CH A), 7.83-7.80 (over-
lapping m, 4H, Ar CH), 7.78 (d, J = 8, 1H, Ar CH B), 7.72 (d, J = 
8, 1H, Ar CH A), 7.56-7.50 (overlapping m, 5H, Ar CH), 7.38-
7.34 (overlapping m, 3H, Ar CH), 7.24-7.19 (m, 2H, Ar CH), 
7.15-7.13 (m, 3H, Ar CH), 7.10-7.05 (m, 3H, Ar CH), 6.99-6.96 
(m, 3H, Ar CH), 6.93 (d, J = 7, 1H, Ar CH A), 6.86 (d, J = 9, 2H, 
Ar CH), 6.82 (d, J = 7, 1H, Ar CH A), 4.09-4.00 (br m, 1H, P-
CH2), 3.76 (3H, OMe A), 3.70 (3H, OMe B), 3.68-3.62 (m, 1H 
A, P-CH2), 3.55-3.45 (m, 1H B, P-CH2), 3.26-3.19 (m, 4H, ace-
CH2).  The P-H signals were not observed, but in C6D6, they were 
a very broad multiplet at d 4.2. 13C{1H} NMR (THF-d8, 25 °C): δ 
156.1 (quat A), 155.4 (quat B), 147.6 (quat A), 147.5 (quat B), 
145.8 (d, J = 3, quat B), 145.6 (d, J = 2, quat A), 142.5 (quat A), 
142.4 (quat B), 140.1 (d, J = 20, quat B), 140.0 (d, J = 20, quat 
A), 135.9 (d, J = 17, quat B), 135.6 (d, J = 16, quat A), 135.2 
(quat), 134.7 (d, J = 4, CH B), 134.5 (quat A), 134.4 (quat B), 
134.1 (d, J = 4, quat A), 134.0 (quat B), 133.3 (quat), 133.0 (quat 
C), 132.9 (d, J = 5, CH), 132.8 (d, J = 6, CH), 132.7 (d, J = 5, 
CH), 132.5 (d, J = 5, CH), 130.6 (CH A), 130.5 (CH B), 130.0 
(quat A), 129.95 (quat B), 128.7 (CH), 128.5 (CH), 128.4 
(CH), 127.6 (d, J = 2, CH B), 127.5 (d, J = 2, CH A), 127.0 (d, J 
= 15, CH), 126.8 (CH B), 126.6 (d, J = 2, CH A), 126.53 (CH 
B), 126.49 (CH A), 126.4 (CH B), 126.3 (CH A), 125.7 (CH B), 
125.68 (CH A), 123.97 (CH A), 123.95 (CH B), 120.5 (m, CH), 
114.1 (CH B), 113.6 (CH A), 56.1 (OMe B), 56.0 (OMe A), 
30.4 (CH2), 30.3 (d, J = 2, CH2), 29.9 (d, J = 18, CH2 B), 29.5 (d, 
J = 19, CH2 A).  
Generation of [Cu(IPr)(PHAr*(CH2Ar))][OTf] (8f) and Its 
Low-Temperature Reaction with NaN(SiMe3)2 To 
Cu(IPr)(OTf) (11 mg, 0.02 mmol) was added a solution of 
PH((R)-MeO-Binaphthyl)(CH2Ar) (6f, 10 mg, 0.02 mmol) in 
0.6 mL of THF-d8. The resulting pale yellow solution was charac-
terized by variable temperature NMR spectroscopy. It contained 
a minor impurity (~5% by 31P{1H} NMR integration): d –20.5, 
perhaps PAr*(CH2Ar)2, which was present in the phosphine.  
31P{1H} NMR (THF-d8, 25 °C): δ -35.5 (br, B), -38.6 (br, A). 
The ratio of diastereomers A and B was 1.5:1. 31P NMR (THF-d8, 
25 °C): δ -35.4 (br d, J = 289, B), -38.6 (br d, J = 325, A). 31P 
NMR (THF-d8, -65 °C; the signals were sharper at this tempera-
ture): δ -34.7 (d, J = 346, B), -38.7 (d, J = 340, A). 1H NMR sig-
nals overlapped in most cases for the mixture of diastereomers.  
Some peaks could be assigned to the major and minor isomers A 
and B. 1H NMR (THF-d8, 25 °C): δ 8.10 (d, J = 9, 1H, Ar CH A), 
7.99 (t, J = 9, 1H, Ar CH), 7.92 (t, J = 6, 1H, Ar CH), 7.80 (d, J = 
8, 1H, Ar CH B), 7.75 (t, J = 7, 1H, Ar CH), 7.58 (2H, IPr 
CH=CH), 7.56 (d, J = 9, 1H, Ar CH A), 7.49 (t, J = 8, 2H, IPr p-
Ar), 7.42 (d, J = 7, 1H, Ar CH), 7.31 (d, J = 8, 4H A, IPr m-Ar), 
7.29 (d, J = 8, 4H B, IPr m-Ar), 7.24-7.05 (m, overlapping, 4H, Ar 
CH), 6.97-6.82 (m, 3H, Ar CH), 6.72-6.66 (m, 2H, Ar CH), 6.49 
(br m, 1H, Ar CH B), 4.62 (br d, J = 322, 1H, PH), 3.90 (ABX, J 
= 14, 4, P-CH2), 3.80 (ABX, J = 14, P-CH2), 3.90-3.75 (br m, P-
CH2; 2H total for P-CH2 signals), 3.63 (3H A, OMe), 3.57 (over-
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lapping, 3H B, OMe), 3.25-3.16 (br m, 4H, ace-CH2), 2.57 (m, 
4H, IPr CH), 1.17 (apparent t, J = 7, 24H, IPr CH3).  
To the THF-d8 solution of [Cu(IPr)(PH((R)-MeO-
Binaphthyl)(CH2Ar))][OTf] at -78 °C was added a solution of 
NaN(SiMe3)2 (4 mg, 0.03 mmol, 1.5 equiv) in 0.4 mL of THF-d8; 
the solution became slightly more yellow. The reaction was moni-
tored via variable temperature NMR spectroscopy in a pre-cooled 
NMR probe.  The 31P{1H} NMR spectrum at –65 °C showed that 
none of the starting cation was present.  The major 31P-containing 
product was the secondary phosphine 6f (two diastereomers A-B, 
1:1.3 ratio).  Other signals were assigned to the impurity from the 
starting material (d –25.3, 4%), Ar*-PyraPhos 2f (two diastere-
omers C-D with overlapping signals at d –17.1), and two addi-
tional minor signals E-F, for which no P-H coupling was observed 
(d –9.1, –15.6, 1:1 ratio).  On warming to room temperature, 
these signals disappeared and more Ar*-PyraPhos was formed.  
Note: the 31P NMR chemical shifts were temperature-dependent. 
31P{1H} NMR (THF-d8, -65 °C): δ -9.1 (E), -15.6 (F), -17.1 
(overlapping, PyraPhos), -31.0 (A), -36.2 (B). 31P NMR (THF-
d8, -65 °C): δ -9.1 (E), -15.5 (F), -17.0 (apparent d, J = 21, Pyra-
Phos), -30.6 (dd, J = 15, 211), -36.7 (dd, J = 6, 209). 31P{1H} 
NMR (THF-d8, 25 °C): δ -14.2 (PyraPhos C), -14.3 (PyraPhos 
D), -39.3 (A), -42.4 (B).  Over the next 6 d, secondary phosphine 
6f was converted to PyraPhos 2f (1.7:1 ratio), according to 
31P{1H} NMR spectroscopy. 
Reaction of [Cu(IPr)(PHAr*(CH2Ar))][OTf] (8f) with Na-
OSiMe3 Cation 8f was prepared as above from Cu(IPr)(OTf) 
(11 mg, 0.02 mmol) and 6f (10 mg, 0.02 mmol) in 1 mL of THF-
d8. This mixture was added to NaOSiMe3 (3 mg, 0.03 mmol, 1.5 
equiv), resulting in a slightly darker yellow color, and the reaction 
was monitored by 31P{1H} NMR spectroscopy.  As observed with 
NaN(SiMe3)2 above, the major P-containing products were the 
diastereomers of 6f, plus a little PyraPhos 2f; more 2f formed 
over the course of a day. 
Reaction of [Au(IPr)(PHPh(CH2Ar))][OTf] (10) with ex-
cess NaOSiMe3 A light purple solution of 
[Au(IPr)(PHPh(CH2Ar))][OTf] (65 mg, 0.07 mmol) in ap-
proximately 0.7 mL of THF was added to a solution of Na-
OSiMe3 (13 mg, 0.12 mmol, 1.6 equiv) in 0.3 mL of THF. The 
mixture was transferred to a NMR tube and monitored by 31P 
NMR spectroscopy, which showed the formation of 
PHPh(CH2Ar) (6a, 31P{1H} NMR δ -37.8) and two other uni-
dentified peaks at 14.7 and -13.2 ppm. [Au(IPr)(Ph-
PyraPhos)][OTf] (11, δ 36.7) was not observed.  
Attempted synthesis of Ph-PyraPhos with Au(IPr)(Cl) as 
catalyst precursor A solution of PH2Ph (8 mg, 0.07 mmol) in 
0.3 mL of THF was added to a solution of Au(IPr)(Cl)(2 mg, 
0.003 mmol, 5 mol %) in 0.3 mL of THF. A solution of Na-
OSiMe3 (18 mg, 0.16 mmol, 2.2 equiv) in 0.3 mL of THF was 
added, followed by a solution of benzyl chloride 1 (20 mg, 0.07 
mmol, 1 equiv) in 0.3 mL of THF. The mixture was transferred to 
a NMR tube and monitored by 31P NMR spectroscopy. Second-
ary phosphine 6a (δ -37.8) formed as PH2Ph was consumed. 
After 12 h, along with 8 (47%) and PH2Ph (31%), two other uni-
dentified peaks at -11 ppm (11%) and -100.5 ppm (11%) were 
observed, but Ph-PyraPhos 2a (δ -6.4) was not.  
Generation of [Cu(IPr)(Ph-PyraPhos)][PF6] (9-PF6) from 
Stoichiometric Alkylation/Arylation of PH2Ph A solution of 
PH2Ph (25 mg, 0.23 mmol) in 1 mL of THF was added to a solu-
tion of Cu(IPr)(Cl) (110 mg, 0.23 mmol, 1 equiv) in 1 mL of 
THF. To the mixture, a solution of NaOSiMe3 (56 mg, 0.5 mmol, 
2.2 equiv) in 1 mL of THF was added, followed by a solution of 
benzyl chloride 1 (64 mg, 0.23 mmol, 1 equiv) in 1 mL of THF. 
The mixture was stirred at room temperature. After 10 min, al-
most all PH2Ph had reacted to give secondary phosphine 6a. The 
full conversion from intermediate 6a to PyraPhos 2a took 2 days. 
After the reaction was done, 48 mg of NH4PF6 (1.3 equiv) was 
added to the reaction mixture, forming a light pink suspension. 
The 31P{1H} NMR spectrum showed a broad peak at -3.7 ppm 
due to [Cu(IPr)(Ph-PyraPhos)][PF6] (9-PF6), which decom-
posed in the mixture over 1 d. 
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